A b s t r a c t A s p a r a g o p s i s t a x i f o r m i s h a s p o t e n t antimethanogenic activity as a feed supplement at 2 % of organic matter in in vitro bioassays. This study identified the main bioactive natural products and their effects on fermentation using rumen fluid from Bos indicus steers. Polar through to non-polar extracts (water, methanol, dichloromethane and hexane) were tested. The dichloromethane extract was most active, reducing methane production by 79 %. Bromoform was the most abundant natural product in the biomass of Asparagopsis (1723 μg g −1 dry weight [DW] biomass), followed by dibromochloromethane (15.8 μg g − 1 DW), bromochloroacetic acid (9.8 μg g −1 DW) and dibromoacetic acid (0.9 μg g −1 DW). Bromoform and dibromochloromethane had the highest activity with concentrations ≥1 μM inhibiting methane production. However, only bromoform was present in sufficient quantities in the biomass at 2 % organic matter to elicit this effect. Importantly, the degradability of organic matter and volatile fatty acids were not affected at effective concentrations.
Introduction
Livestock production systems are a significant contributor to global greenhouse gas (GHG) emission with enteric methane being the largest source within the agricultural sector (reviewed in Patra 2012) . In addition to the global warming effect of GHG emissions the production of enteric methane results in a loss of metabolic energy (Hristov et al. 2013) . Consequently, there has been a drive to develop strategies to mitigate enteric methane in livestock production systems, with the concomitant goal of improving individual animal productivity. Many of these strategies have focused on the management of nutrition and the use of supplements, both individually and in combination (Patra and Yu 2014) . Macroalgae, both freshwater and marine, have been investigated as a supplement for the mitigation of enteric methane based on their natural products, which are strongly differentiated from those of terrestrial plants. Notably, the red seaweed Asparagopsis taxiformis is a potent supplement affecting the in vitro production of methane (Machado et al. 2014 (Machado et al. , 2015 .
The red seaweed genus Asparagopsis has a broad distribution across tropical and temperate marine coastal ecosystems (Guiry and Guiry 2014) . It is also a rich source of natural products with more than a hundred low molecular weight natural products described including halomethanes, haloalkanes, haloketones and haloacids (Burreson et al. 1975; McConnell and Fenical 1977; Moore 1977; Woolard et al. 1979) . The brominated halomethane (CHX 3 ) bromoform (CHBr 3 , tribromomethane) is consistently the most abundant of these natural products (Paul et al. 2006a; Vergés et al. 2008) with lower concentrations of dibromoacetic acid, Electronic supplementary material The online version of this article (doi:10.1007/s10811-016-0830-7) contains supplementary material, which is available to authorized users. dibromochloromethane and bromochloroacetic acid reported (Burreson et al. 1975; McConnell and Fenical 1977; Paul et al. 2006a) . These natural products are produced and stored in specialised gland cells from where they are released onto the surface functioning as a natural defence against herbivores (Paul et al. 2006b; Vergés et al. 2008 ) and microbes (Paul et al. 2006a ).
The two species, Asparagopsis taxiformis and Asparagopsis armata, have strong activity against gram-negative and grampositive bacteria (Paul et al. 2006a; Salvador et al. 2007 ). Furthermore, A. taxiformis has demonstrated antimethanogenic activity in in vitro ruminal fermentation assays (Machado et al. 2015) . It strongly inhibits the production of CH 4 when added at a dose of 2 % of the organic matter (OM) incubated, indicating that these natural products are also active against archaea responsible for the microbial production of CH 4 . Notably, synthetic halomethanes, including bromoform, have been targeted to manipulate rumen fermentation and methanogenesis (Chalupa 1977; Lanigan 1972 ) with a recent focus on bromochloromethane (BCM), a synthetic halomethane that inhibits the production of CH 4 in vitro (Goel et al. 2009 ) and in vivo (Tomkins et al. 2009; Abecia et al. 2012; Mitsumori et al. 2012) . The mode of action of these low molecular weight halomethanes is through enzymatic inhibition by reaction with reduced vitamin B 12 which reduces the efficiency of the cobamide-dependent methyl transferase step required for methanogenesis (Wood et al. 1968) . Other haloalkanes, such as 2-bromoethanesulfonate and 2-chloroethanesulfonate, are structural analogs to coenzyme-M and competitively inhibit the methyl transfer reactions that are essential in CH 4 biosynthesis (Liu et al. 2011) .
The efficacy of synthetic halomethanes as antimethanogens infers a similar mode of action for the natural products in A. taxiformis with an opportunity to use the whole biomass, its extract or purified compounds, to regulate the production of enteric CH 4 . However, for this to be a practical application, it must be effective and without negative effects on the fermentation parameters including the degradability of organic substrate (OMdeg) and the production of volatile fatty acids (VFA), which are the main source of energy for the animals. Natural products or whole biomass are more likely to receive public acceptance than synthetic inhibitors, such as the synthetic halomethanes BCM and chloroform, that are prohibited in many countries due to their potential ozone-depletion and carcinogenic effects (Hristov et al. 2013) .
The aim of this study was to identify the natural products responsible for the antimethanogenic activity of A. taxiformis and quantify their effects on in vitro fermentation using rumen fluid from Bos indicus. A series of extracts of decreasing polarity was used to screen for the strongest antimethanogenic activity. The most abundant natural products in each extract were quantified and the minimum effective dose determined. The quantity of each active natural product in the biomass was then compared with that required to suppress methanogenesis and thereby identify the natural product(s) responsible for activity in the biomass. Finally, the effects of biomass, extracts and natural products on key fermentation parameters were assessed.
Material and methods

Experimental overview
The study was divided into three experiments (Fig. 1) . In the first experiment, the natural products of Asparagopsis taxiformis (Delile) Trevisan de Saint-Léon (the filamentous tetrasporophyte stage, hereafter referred to as Asparagopsis) were extracted from dried biomass using four solvents of decreasing polarity followed by the in vitro quantification of the antimethanogenic activity of each extract at a dose equivalent to the addition of 2 % of Asparagopsis as organic matter (OM) incubated in rumen fluid from Bos indicus steers. A dose of Asparagopsis biomass at 2 % OM is an effective dose for the inhibition of methanogenesis (Machado et al. 2015) and was included as a positive control. In the second experiment, the major halogenated natural products within each extract were identified and quantified by GC-MS. In the third experiment, the in vitro antimethanogenic activity of pure natural products was quantified. Each natural product was tested separately using analytical standards at concentrations of 0, 1, 5, 10, and 25 μM in the in vitro assay to determine the minimum effective concentration required to decrease methanogenesis and to quantify their effects on in vitro fermentation.
In vitro incubation preparation
The sampling of rumen fluid and in vitro batch fermentation were carried out as described by Machado et al. (2014) . In brief, rumen fluid was collected from four rumen-fistulated Brahman (B. indicus) steers, which were maintained according to guidelines approved by CSIRO Animal Ethics Committee (A5/2011) and in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC 2004) . The steers were fed Rhodes grass hay (Chloris gayana) ad libitum. Rumen fluid was collected from steers 2 h after the morning feeding and transferred to pre-heated vacuum flasks. In the laboratory, rumen fluid were pooled and blended at high speed for 30 s to ensure detachment of microorganisms associated with the solid phase into suspension (Bueno et al. 2005) , and then filtered through a 0.5-mm mesh to remove large OM substrate. The rumen fluid was constantly mixed and maintained at 39-40°C under high purity N 2 to maintain anaerobic conditions. Rumen medium for incubations (125 mL per incubation bottle) was made up by mixing rumen fluid and pre-heated buffer solution (Goering and Van Soest 1970) in a 1:4 (v/v) ratio. Batch cultures were incubated for 24 h at 39°C at 85 rpm (Raytek) and total gas production measured using an Ankom Technology RF Gas Production System (USA). Rhodes grass hay (1 g OM) was used as the basal substrate of the batch cultures. The incubations were repeated on three different occasions for each experiment, producing a total of three (Experiment 1) or four (Experiment 3) replicates per treatment. For each incubation run, bottles were randomly allocated and placed inside incubators.
Experiment 1: effects of crude extracts from Asparagopsis on gas and fermentation parameters Crude extracts were prepared using four solvents with decreasing polarity: water, methanol, dichloromethane (DCM), and hexane (Fig. 1) . For each extract, 10 g of Asparagopsis biomass, which had previously been rinsed, freeze-dried and ground in an analytical mill through a 1-mm sieve, was mixed with 100 mL of solvent, sonicated for 15 min, shaken (100 rpm) for 20 h, and filtered through glass microfiber filter (GF/F, Whatman). The biomass was then covered with an additional 50 mL of solvent, shaken for 3 h and filtered. Subsequently, 50 mL of solvent was added and the biomass shaken for 1 h and filtered. The filtrates from the three consecutive extractions were combined and dried through freezedrying for the water extract, rotary evaporation (Büchi Rotavapor R-200) for the DCM and hexane extracts at 40°C to preserve volatile metabolites from evaporation, and a combination of both techniques for the methanol extract.
The crude extracts from the 10 g of Asparagopsis biomass were weighed and subsequently dissolved in 8.1 mL of dimethyl sulfoxide (DMSO). A dose of 20 μL of each extract, an equivalent to a dose of 2 % OM of Asparagopsis biomass (or 0.0247 g DW), was added as a treatment to replicate batch cultures (n = 3) at the beginning of the experiment. Rhodes grass hay (C. gayana) was used as 100 % of the OM. A positive control using Asparagopsis biomass as 2 % of the total OM incubated (0.0247 g DW = 0.02 g OM) was included with Rhodes grass hay as 98 % of the OM (1.1932 g DW = 0.98 g OM). Two controls, one with and one without the addition of 20 μL of DMSO with Rhodes grass hay as 100 % of the OM incubated, were included to evaluate the effects of DMSO on the parameters analysed. Blanks (rumen medium only) were also included.
Three replicates were used for each treatment-crude extract, Asparagopsis biomass and the controls. The incubations were conducted over 24 h. The gas parameters total gas (TGP) [Ankom Technology RF Gas Production System (USA)], CH 4 , and H 2 production, and the fermentation parameters organic matter degradability (OMdeg) and volatile fatty acid (VFA) were measured. Samples to quantify total gas production, CH 4 and H 2 were collected at 2, 4, 6, 8, 10, 12, and 24 h (Fig. S1 ). The quantification of CH 4 and H 2 were made by GC-MS (Agilent 7890 GC with FID -Agilent 5975C EI/ TurboMS) as described in detail in Machado et al. (2015) . The fermentation parameters OMdeg and VFA were sampled at the end of the incubation period (24 h) and quantified as described in detail previously (Machado et al. 2015) .
Experiment 2: identification and quantification of the major metabolites produced by A. taxiformis
Crude extracts (three replicates per solvent) were prepared as described except that naphthalene was included as an internal standard at a concentration of 10 μg mL −1 prior to extraction (Paul et al. 2006a) . Crude extracts were reconstituted to a concentration of 0.04 g DW biomass mL −1 of solvent (25 mL final Fig. 1 Experimental design. Experiment 1 tests solvents for the extraction of natural products of Asparagopsis with activity against methanogenesis. Extracts were tested for their activity in an in vitro assay at a dose equivalent to 2 % of organic matter incubated of Asparagopsis. Experiment 2 identifies and quantifies the major natural products within the extracts. Experiment 3 tests a concentration range of each natural product in an in vitro assay (analytical standards from Sigma). DCM dichloromethane volume) in the same solvent used for extraction for methanol, DCM, and hexane crude. The crude extracts of water were reconstituted in methanol due to the incompatibility of water and the GC-column. Initially, all extracts were analysed in scan mode by gas chromatography-mass spectrometry (GC-MS, Agilent 7890c equipped with a Zebron ZB-wax capillary column, 30 m, 0.25 mm i.d., Phenomenex, Australia) using 1 μL injections, pulsed (35 psi) split less mode, with temperatures of the injection port (250°C), GC-MS interface (300°C), and oven (held at 40°C for 1 min, ramped at 16°C min −1 to 250°C, then held at 250°C for 2 min) programmed as described by Paul et al. (2006a) with He as the carrier gas at 2 mL min −1 (initial pressure 1448 HPa).
The major natural products were bromoform, dibromochloromethane, bromochloroacetic acid, and dibromoacetic acid (see section BExperiment 2: identification and quantification of the main natural products in A. taxiformis^) and these were subsequently quantified (GC-MS) in the extracts using selective ion mode based on ion fragments as described by Paul et al. (2006a) . Analytical standards of these natural products were run prior to the extracts, generating a standard curve based on a minimum of five concentrations for each product. Calculation of the concentration of natural products was based on the ratio of the peak areas of target products and the internal standard. The concentration of natural products from the biomass of Asparagopsis is presented as μg g −1 DW, while the final concentration of natural products within the in vitro assay (total volume 125 mL) after addition of extract (equivalent to the addition of 2 % of OM extracted or 0.0247 g DW) is presented as μM (Fig. 3a, b ).
Experiment 3: effects of pure compounds on gas and fermentation parameters
The in vitro effects on methanogenesis and fermentation kinetics were evaluated for the four major natural products produced by Asparagopsis (bromoform, dibromochloromethane, bromochloroacetic acid, and dibromoacetic acid; see section BExperiment 2: identification and quantification of the main natural products in A. taxiformis^). Stock solutions of each product (analytical standards, Sigma-Aldrich, Australia) were made up in 25 mL of DMSO and further diluted such that the addition of 20 μL gave assay-concentrations of 1, 5, 10, and 25 μM (final volume of DMSO in treatments = 20 μL). A DMSO control (20 μL) was also used. Bromochloromethane (BCM), a known inhibitor of methanogenesis, was included at the same concentrations (0, 1, 5, 10, and 25 μM) in the assay for comparison. The controls, with and without the addition of 20 μL of DMSO, and blanks (rumen medium only) were also included. Each treatment consisted of four replicates. All the gases and fermentation parameters were analysed after 24 h of in vitro batch incubation following the same sampling scheme applied in experiment 1. In addition, the final concentration of ammonia (NH 3 -N) was analysed to identify the effects of natural products on the concentration of NH 3 -N, as this is the simplest and main source of N used by rumen microbes and availability influences the production of microbial growth and production of microbial crude protein (Satter and Slyter 1974) . The concentration of NH 3 -N in the digestate was determined through distillation using a Buchi 321 distillation unit (Buchi; Labortechnik AG, Switzerland) with saturated sodium tetraborate (>260 g L −1
). The distillate was titrated (Titralab 840; Radiometer Analytical SAS, France) with 0.01 M HCl to calculate total N content.
Data analysis
The TGP data were corrected for the blank and fitted to a modified Gompertz sigmoidal model as described in Machado et al. (2014) , using the non-linear procedure of JMP statistical software (JMP 10, SAS Institute, USA).
A t test (two samples, assuming equal variances) was carried out to compare the controls with and without addition of DMSO. Since there were no significant differences (p = 0.47) among controls, only control + DMSO (referred to as control in tables and graphs) data are formally analysed and presented.
Data from the extracts (Experiment 1) and from the quantification of the major natural products produced by Asparagopsis (Experiment 2) were analysed separately using a one-way analysis of variance (ANOVA, JMP software). The effects of extracts on each gas (Table S1 ) and fermentation parameter were examined individually, with treatment as the fixed factor. The quantity of the natural products between extracts was compared using individual ANOVAs for each product (Table S2) . Post-hoc comparisons were made using Tukey's HSD multiple comparisons.
Data from the pure natural products (Experiment 3) was analysed using two-factor permutational analysis of variance because of assumptions of homogeneity of variance (PERMANOVA (Anderson et al. 2008) . The effects of the concentration (0, 1, 5, 10, 25 μM) of each natural product (bromoform, dibromochloromethane, bromochloroacetic acid, dibromoacetic acid, and bromochloromethane) and the interaction between these fixed factors were analysed individually for each gas (Table S3 ) and fermentation parameter (Table S4 ) after 24 h of incubation in Primer v6 (Primer-E Ltd, UK), using Bray-Curtis dissimilarities on fourth root transformed data and 9999 unrestricted permutations of raw data. A dummy variable of 0.0001 was added prior for the construction of the Bray-Curtis matrix to accounts for zeros.
Results
Experiment 1
Effects of crude extracts from Asparagopsis on gas parameters
The positive control (Asparagopsis 2 % OM and Rhodes grass 98 % OM) significantly decreased in vitro TGP by 25 % (113.6 mL g −1 OM) compared with the Rhodes grass control (100 % OM) (151.4 mL g −1 OM, Fig. 2a ). In contrast, there was no significant effect of any extract (when added at a dose equivalent to 2 % OM of Asparagopsis biomass) on TGP compared with the Rhodes grass control. The DCM extract had the lowest TGP at 143.2 mL g −1 OM (5 % lower than control) and the water extract had the highest TGP (165.8 mL g −1 OM).
The positive control of Asparagopsis 2 % OM also had the lowest production of CH 4 (0.7 mL g −1 OM) with a significant reduction of 95 % compared to the control (13.5 mL g −1 OM, Fig. 2b ). The DCM extract (2.6 mL g −1 OM) also significantly reduced the production of CH 4 with a reduction of 79 % compared with the control (Fig. 2b ) and this was not significantly different from the positive control of Asparagopsis 2 % OM. The water, methanol, and hexane extracts had no significant effect on the production of CH 4 . Asparagopsis 2 % OM was the only treatment to significantly (p < 0.5) increase the production of H 2 (Fig. 2c) .
Effects of crude extracts from Asparagopsis on fermentation parameters
Total VFA was not affected by any treatment compared with the control (Table 1) . However, there were differences in the production of individual VFA with Asparagopsis 2 % OM causing a 20 % decrease in the proportion of acetate and a 50 % increase in the proportion of propionate. Consequently, there was also a significant decrease in the acetate to propionate ratio (Table 1) . OMdeg was variable among treatments, but not significantly different from the control (Table 1) .
Experiment 2: identification and quantification of the main natural products in A. taxiformis
The water extract had the highest yield among all solvents with the extract representing 24.9 % of the dry weight (DW) of the biomass. Methanol had a yield of 10.2 % DW, and DCM and hexane had the lowest yields of 1.9 and 0.5 % DW, respectively. The halogenated compounds identified by mass spectrometry in scan mode were bromoform, dibromochloromethane, bromochloroacetic acid, and dibromoacetic acid (Fig. 3a, b) . Non-halogenated compounds were identified as alkanes or fatty acid derivatives. The four solvents differed in their extraction yields in terms of both amount and proportion of natural products. DCM extracted the highest total amount of natural products from the biomass, followed by methanol, hexane and water (Fig. 3c ). The DCM extract had the highest yield of bromoform (Fig. 3c) corresponding to 1723.2 μg g −1 DW of biomass. This is 5.7 times higher than the methanol (301.2 μg g −1 DW) and hexane (297.0 μg g −1 DW) extracts.
The DCM extract also had a yield of dibromochloromethane Fig. 2 Effects of Asparagopsis biomass and extracts on gas parameters at 24 h of incubation. The doses were equivalent to Asparagopsis as 2 % of the organic matter. Asparagopsis biomass was included as positive control. a Total gas production (TGP), b production of methane (CH 4 ), c production of hydrogen (H 2 ). Error bars represent ± SE (n = 3).*Indicates treatment effect is significant (p < 0.05) according to the ANOVA analysis. DCM dichloromethane. These data are also tabulated in Table S1 (15.8 μg g −1 DW, Fig. 3c ) 1.2 times higher than for methanol (13.3 μg g −1 DW) and 5.5 times higher than for hexane (2.9 μg g −1 DW). However, methanol yielded a higher concentration of bromochloroacetic acid (100.8 μg g −1 DW) and Table S2 dibromoacetic acid (128.3 μg g −1 DW, Fig. 3c ). The DCM extract equivalent to an inclusion of Asparagopsis biomass (DW) at 2 % of the total OM (98 % Rhodes grass hay OM) resulted in a concentration of 1.3 μM of bromoform and 0.02 μM of dibromochloromethane (Fig. 3d ) in incubations (equal to 42.5 μg of bromoform and 0.5 μ g of dibromochloromethane in 125 mL of rumen medium per replicate).
Experiment 3
Effects of natural products on gas parameters
Total gas production (TGP) was significantly decreased by the addition of bromoform, dibromochloromethane, and bromochloromethane at concentrations ≥ 5 μM (Fig. 4a ) compared with the control. Although there were minor differences between the three halomethanes, they resulted in a similar TGP at each concentration. Bromoform decreased TGP by 23 to 26 % at 5 and 10 μM, while dibromochloromethane decreased TGP by 20 to 22 %. Bromoform was the strongest inhibitor of TGP at 25 μM. In contrast, the haloacids, dibromoacetic acid and bromochloroacetic acid had no significant effect on TGP regardless of concentration (Fig. 4a) . The production of CH 4 in vitro was significantly affected by bromoform, dibromochloromethane, and bromochloromethane (Fig. 4b) . At a concentration of 1 μM, bromoform and dibromochloromethane inhibited the production of CH 4 by an average of 52 and 43 %, respectively, compared to the control. The effects were much stronger and the production of CH 4 was significantly inhibited to below detection levels by all three compounds at ≥5 μM. The two haloacids, bromochloroacetic acid and dibromoacetic acid, had no significant effect on the production of CH 4 regardless of concentration. The production of H 2 significantly increased for all halomethanes at assayconcentrations ≥5 μM. Bromoform was the only compound to induce the production of H 2 at 1 μM (Fig. 4c) . The production of H 2 by the control, dibromoacetic acid, and bromochloroacetic was below the level of detection for all concentrations (Fig. 4c) .
Effects of natural products on fermentation parameters
The production of total VFA (mM) was significantly affected by natural product and concentration (Table 2) . However, the production of total VFA for bromoform (minimum of 32.6 mM VFA) and dibromochloromethane (minimum of 33.6 mM VFA) were similar to the control (35.7 mM VFA) for concentrations ≤10 μM (Table 2) , even though the production of CH 4 was markedly decreased. At the higher concentration of 25 μM, bromoform and dibromochloromethane decreased the production of total VFA by 20 and 30 %, respectively, compared with the control. In contrast, the production of total VFA increased for bromochloroacetic acid at a concentration of 5 μM and dibromoacetic at concentrations <25 μM. There were no significant differences in OMdeg between controls and all treatments for concentrations <25 μM. Bromoform and dibromochloromethane decreased the OMdeg by 14 % compared with the control at the concentration of 25 μM ( Table 2) .
The final concentration of NH 3 -N was significantly decreased by all compounds with the exception of bromochloroacetic acid, which increased the concentration Fig. 4 Effects of natural products on gas parameters after 24 h. a Total gas production (TGP), b production of methane (CH 4 ), c production of hydrogen (H 2 ). Error bars represent ± SE (n = 4).*Indicates treatments significantly (p < 0.05) different from control according to P E R M A N O VA ( Ta b l e S 3 ) . B F b r o m o f o r m , D B C M dibromochloromethane, BCA bromochloroacetic acid, DBA dibromoacetic acid, BCM bromochlomethane. These data are also tabulated in Table S4 of NH 3 -N at <25 μM. Bromoform and bromochloromethane significantly decreased NH 3 -N by 16 to 17 % at a concentration of 1 μM, compared to the control.
Discussion
Asparagopsis is a potent inhibitor of methanogenesis at low inclusions of biomass, and bromoform is the natural product affecting this response in vitro. Bromoform effectively inhibited methanogenesis at all concentrations (1 to 25 μM) including 1 μM, which is equivalent to the inclusion of Asparagopsis at 2 % OM (24.7 mg) in vitro. Bromoform was the most abundant natural product in the biomass by more than an order of magnitude, and the only compound for which the concentration was high enough in the biomass (1723.2 μg g −1 DW) to provide the antimethanogenic activity of Asparagopsis at an inclusion of 2 % OM. This concentration in the biomass corresponds to a concentration of 1.3 μM at the rate of inclusion of 2 % OM in the assay. Notably, dibromochloromethane also effectively inhibited methanogenesis at concentrations of 1 to 25 μM. However, the concentration of dibromochloromethane in the biomass (15.8 μ g g − 1 DW) was not sufficient to inhibit methanogenesis at the rate of inclusion of 2 % OM as it only corresponds to a concentration of 0.02 μM. Notably, Asparagopsis at 2 % OM and bromoform led to a decrease in the production of CH 4 that is larger than that of many terrestrial plants, extracts and natural products (Durmic et al. 2014; Patra 2012) . The major halogenated natural product in Asparagopsis is bromoform. The concentration of bromoform was 1723.2 μg g −1 DW (0.17 % DW) and this was more than 100-fold higher than the concentration of the next most abundant natural product, dibromochloromethane (15.8 μg g −1 DW biomass, 0.0016 % DW). Although the identity of the Table 2 Effects of natural products at assay-concentrations of 1 to 25 μM on production and proportion of volatile fatty acids (VFA), degradability of the organic matter incubated (OMdeg), and production of ammonia main natural products is consistent with previous studies, the concentration of metabolites within the biomass is lower than concentrations previously reported for the tetrasporophyte or gametophyte of A. armata, with an average of 1.45 % DW (ranging from 0.58 to 3.11 % DW) for bromoform (Paul et al. 2006a ). This could be due to differences in processing or storage times between studies, but there are also clear differences in natural products within and between species of Asparagopsis depending on the environment, in particular the availability of carbon and nitrogen (Mata et al. 2012) and life history stage [tetrasporophyte vs. gametophyte, (Vergés et al. 2008) ].
In comparison with existing strategies for chemical additives to reduce methanogenesis, bromoform had similar effects to that of the commercially available methane inhibitor bromochloromethane (BCM) for all the measured gas and fermentation parameters. This supports the mechanism of action of bromoform as a direct suppressor/inhibitor of methanogenesis through the inhibition of cobamidedependent methyl transfer (Wood et al. 1968 ) required for the synthesis of coenzyme-M, the key enzyme involved in the final step of methanogenesis (DiMarco et al. 1990 ). Nevertheless, although bromoform is the most abundant natural product and the one likely to be driving the antimethanogenic activity of Asparagopsis, this compound might act synergistically with other halogenated products increasing the effectiveness of the biomass in reducing the production of CH 4 . This mechanism is also supported by a lack of the effect on total VFA production and organic matter degradability. Bromoform also inhibited methanogenesis in rumen fermentation of sheep in vivo (Lanigan 1972) . However, the effective single dose required for the short-term inhibition of methanogenesis in vivo was 25 times higher than that of the in vitro experiment (Lanigan 1972) . Long term in vivo studies to test the antimethanogenic effects of bromoform are now required.
The suppression in the production of CH 4 using bromoform was accompanied by an increase in the production of H 2 , and similar results have been found for BCM in vivo (Mitsumori et al. 2012) . Methanogens are the main users of H 2 within the rumen, and the inhibition of CH 4 can lead to an increase in the partial pressure of H 2 if alternative H 2 utilising pathways, such as production of propionate and NH 3 -N, are not available Morgavi et al. 2010) . Increases in the partial pressure of H 2 often restrain the fermentation process by affecting the functioning of oxidative coenzymes (e.g. NADH -NAD + ) involved in the degradation of substrates and production of VFA ). However, anaerobic fermentation is a robust process with microbes able to withstand a wide range of H 2 pressure [functioning normally in pressures between 0.0001 and 0.01 atm (Ungerfeld and Kohn 2006) ]. Therefore, the lack of negative effects on OMdeg, or on the production of total VFA, indicates that the fermentation process was not significantly affected. Nevertheless, there was a shift in the production of specific VFAs during fermentation with bromoform. An assay-concentration of bromoform of 5 μM decreased the production of acetate by 44 %, while the production of propionate and butyrate increased by 42 and 125 % (in mM), respectively, compared with the control. This resulted in lower acetate to propionate ratios. Similar shifts in the production of VFAs occur for other methane inhibitors such as BCM (Tomkins et al. 2009; Mitsumori et al. 2012; Goel et al. 2009 ) and nitro-compounds (Anderson et al. 2010) .
Bromoform also led to a slight decrease in NH 3 -N, suggesting a decrease in the degradation of protein and deamination of dietary amino acids (Wang et al. 2008) . Ammonia-N is the simplest and main source of N used by rumen microbes for the production of microbial protein (Satter and Slyter 1974) . Nevertheless, bromoform resulted in concentrations of NH 3 -N above the threshold (50 mg L −1 ) required for the maximum growth of rumen bacteria (Satter and Slyter 1974; Yusuf et al. 2012 ) and optimum fibre digestion (50 mg L −1
, Nagadi et al. 2000) . Ingested protein that escapes microbial degradation in the rumen through fermentation is transferred into the small intestine where it is directly absorbed by the animal (Tamminga 1979) , improving protein utilisation efficiency. Therefore, the overall nutrition of the rumen, quantified in vitro, has no apparent negative effects while methanogenesis is severely inhibited. These results support a mechanism to reduce methane emissions from ruminants while retaining animal productivity.
In conclusion, the red seaweed Asparagopsis consistently suppresses the in vitro production of CH 4 when added as a supplement (2 % OM) with bromoform being the only natural product present in sufficient concentration in the biomass to be effective with this addition. There was no adverse effect on degradability of substrate or production of total VFAs for either Asparagopsis biomass (2 % OM) or bromoform (≤10 μM). Consequently, these options could be considered in a techno-economic analysis for the use of Asparagopsis and its bioactive natural products as feed additives that inhibit methanogenesis.
